Introduction
Cassava (Manihot esculenta), the only species cultivated as food crop in its genus (Fauquet and Fargette, 1990 ) is considered as the most important crop grown in Africa (Briddon et al., 2004) . By providing food to over 500 million people around the world (Varma and Malathi, 2003) , this tuber crop is occupying the third most important place after cereals and grain legumes. Economic and social importance of cassava is still increasing significantly throughout Africa. Nowadays, cassava is cultivated in different African ecological conditions ranging from the humid regions of Central Africa and the Guinean Golf to semi-arid areas of the Sahelian countries and in South-Eastern countries. Ability of this species to tolerate drought and degraded soils (Olsen, 2004 ) constitutes a determinant parameter for its high importance. Considering the continuous increases in human population and pressure on available land and the decline of soil fertility (Thresh and Cooter, 2005) , it appears that cassava would continue to play a major role for food security in Sub-Saharan Africa because of its ability to generate acceptable production levels in marginal conditions.
Despite the importance of the crop, cassava production in Africa is seriously threatened by the cassava mosaic disease (CMD) which is considered as the most important disease in Sub-Saharan Africa (Ogbe et al., 2003) . This disease caused by whitefly-borne viruses belonging to the genus Begomovirus (family Geminiviridae) occurs in all cassava-producing areas in Africa, India and Sri-Lanka (Owor et al., 2004) and induces high levels of yield losses particularly in Africa. The global level of losses due to CMD throughout Africa was estimated to reach 19.6-27.8% of the actual production (Zhang et al., 2005) .
The begomoviruses causing CMD are vector-transmitted by whitefly Bemisia tabaci (Fargette and Vie´, 1995) , while the use of cuttings from infected plants constitutes another way of widespread disease. Infected plants can be visually recognized by appearance of symptoms characterized by development of leaf mosaic which is generally more severe on young plants than on old ones (Fauquet and Fargette, 1990) . Other morphological modifications ranging from leaf distortion to stunted growth of plants are associated with this disease (Varma and Malathi, 2003) . Severity of CMD symptoms is variable according to different parameters like host genotype, season, stage of crop growth and virus strain or species involved in the disease.
Begomovirus species or strain is the determinant for symptom severity and consequently for the importance of yield losses. Therefore, it would be interesting to take into account the diversity of begomoviruses inducing CMD in cassava. In that context, it was demonstrated that different Begomovirus species are responsible of CMD development Fondong et al., 2000; Maruthi et al., 2002) . Zhou et al. (1997) reported the existence of three different species (i) African cassava mosaic virus (ACMV), (ii) East African cassava mosaic virus (EACMV) and (iii) Indian cassava mosaic virus (ICMV) with different geographical localization. For that, it was considered that ACMV and EACMV are occurring respectively to the west and east of the African Rift valley, while ICMV is found in India and Sri Lanka. More recent works revealed occurrence of a higher diversity of CMD inducing species comprising ACMV, EACMV, East African cassava mosaic Cameroon virus (EACMCV), East African cassava mosaic Malawi virus (EACMMV), East African cassava mosaic Zanzibar virus (EA-CMZV) and South African cassava mosaic virus (SAC-MV) (Ndunguru et al., 2005) .The previously supposed restriction of geographical localization between EA-CMV and ACMV in Africa is not verified because isolates of ACMV are found in Eastern countries while EACMV isolates are detected in west Africa (Ranomenjanahary et al., 2002; Ogbe et al., 2006) . Molecular characterization of the CMD agents revealed the possibility that new causal agents can arise from a recombination phenomenon between the pre-existing viruses. The Uganda variant of EACMV (EACMV-UG or UgV), whose occurrence was associated with severe epidemic of CMD in Uganda (Harrisson et al., 1997; Pita et al., 2001 ) constitutes a typical illustration of new begomovirus appearance due to recombination between different pre-existing CMD causal agents .
Although the Uganda variant is associated with severe pandemic of cassava mosaic disease, different studies showed that plants showing severe CMD symptoms are dually infected by both ACMV and the Uganda variant (Varma and Malathi, 2003; Colvin et al., 2004; Thresh and Cooter, 2005) . Fields affected by the severe mosaic produce little or no yield and this situation has led to huge economic losses with dramatic consequences of food shortages and famine in some areas (Varma and Malathi, 2003) . Through a survey study conducted in Nigeria (Ogbe et al., 2006) , a large distribution of ACMV and EACMV in the country was shown, with a proportion of 24.4% of mixed infections by these two viruses. Analyses carried out on cassava materials collected from Burundi in 2003 to assess the status of CMD allowed revealing of the presence of different begomoviruses including EACMV-UG, ACMV and EACMV with some cases of mixed infections containing ACMV and EACMV-UG (Bigirimana et al., 2004) .
The purpose of this work was to investigate the potential importance of mixed infections in cassava plants showing severe CMD symptoms in the region of Bujumbura. A simplified sampling protocol associated to PCR detection of CMD agents was used to identify the begomoviruses associated with the severe symptoms of the disease.
Materials and Methods

Sampling of cassava materials
Previous works have shown the ability to use the PhytoPASS (DNAlis sprl, Gembloux, Belgium) system to sample cassava in view of CMD begomovirus molecular detection even after 15 days of sample storage at room temperature (data not shown). For the present work, samples were collected from seven plants presenting severe CMD symptoms in cassava fields in the region of Bujumbura. The PhytoPASS sampling kit (DNAlis sprl) was used to collect, store and transport the cassava-sampled materials. The sampling was performed by scraping the PhytoPASS abrasive membrane on the leaf surface of the selected plants. After sampling, each of the seven PhytoPASS was annotated and placed individually in a paper pouch. Transport to the laboratory (Gembloux Agricultural University, Gembloux, Belgium) for molecular analyses was performed easily in luggage at ambient temperature.
Suspending the sampled cassava materials
Once the seven PhytoPASS were delivered to the Plant Pathology laboratory in Gembloux (Belgium), the abrasive membrane covered with fragments of cassava tissues was detached from the PhytoPASS box and then introduced in a 10-ml glass tube containing 1 ml of cold (4°C) KAJI extraction buffer (DNAlis sprl). A rapid agitation with vortex was performed to recover the plant tissuesÕ fragments in a suspension which was kept on ice. The suspension thus obtained constituted the primary crude extract which was diluted 100 times in distilled water before PCR analysis.
Molecular detection of CMD begomoviruses
The seven samples were submitted for molecular detection of CMD agents by PCR reactions in which specific primers (Table 1) that could detect ACMV,  EACMV, EACMCV, EACMMV, EACMZV, EACMV-UG and SACMV, respectively were used. Positive controls consisting of extracts of infected cassava plants growing under greenhouse conditions (for the viruses ACMV, EACMV and EACMV-UG) or in purified DNA provided by (DSMZ, Braunschweig, Germany) (DSMZ PV-0872 for EACMCV and DSMZ PV-0845 for EACMZV) were used to control efficiency of the PCR reactions. No positive controls were available for the viruses EACMMV and SACMV. The PCR amplification was achieved with a PTC 200 thermocycler (Biozym, Landgraaf, the Netherlands) in a final volume of 50 ll containing 5 ll of the 10· concentrated PCR reaction buffer (Roche, Mannheim, Germany), 200 lm of each dNTP, 0.5 lm of each primer, 0.2 ll of the Taq Polymerase solution (5 U ⁄ ll) and 5 ll of the 100· diluted plant crude extract 453 Association of CMD Severe Symptoms and Mixed Infections suspension. Amplification conditions included a first PCR cycle comprising denaturation at 94°C for 5 min, annealing of primers at 52°C for 1 min and elongation at 72°C for 2 min. This initial amplification cycle was followed by 35 cycles of 1 min at 94°C, 1 min at 52°C and 2 min at 72°C. At the end of the reaction, a final elongation step was achieved at 72°C for 10 min. PCR products were separated by electrophoresis in a 1% agarose gel containing ethidium bromide (1 lg ⁄ 10 ml) under a constant current of 120 mA. This migration was followed by visualization of the amplified bands under UV light.
Results
Quality of the sampled materials at delivery in Belgium
The series of seven plants showing severe symptoms of CMD were numbered from 1 to 7. The different steps leading to plant tissues recovery to prepare PCR template from the materials sampled with the PhytoPASS are shown on the picture (Fig. 1) . It appeared that plant tissues collected with the PhytoPASS system remained green (Fig. 1a ) until they were received in the laboratory, in spite of transport and storage at ambient temperature during 3 weeks.
Application of the extraction protocol in the KAJI buffer was achieved without any particular difficulty (Figs 1b and 1c ) related to the long period (3 weeks) separating collection of samples and their suspension in the extraction buffer. A suspension of plant extracts characterized by a green colour (Fig. 1d) was thus obtained after agitation of the PhytoPASS membranes in the extraction buffer.
Detection of the begomoviruses in the cassava samples
The cassava materials collected by PhytoPASS (DNAlis sprl) were used as a template for PCR amplification to detect CMD begomoviruses present in each sample (plant with severe symptoms). Different amplification profiles were obtained for the seven samples analyzed by using the primer pairs relative to ACMV, EACMV, Table 1 Sequences of primers used to detect CMD begomoviruses in plant tissues collected with the PhytoPASS system in Burundi Table 2 ). The generated amplification profiles did not reveal presence of EACMCV, EACMMV, EACMZV and SACMV within the analyzed samples. In contrast, the detection tests showed that presence of the viruses ACMV, EACMV and EACMV-UG was detectable within the cassava samples collected in Burundi. More specifically, infections with ACMV were revealed in all the sampled cassava plants (Fig. 2) . Presence of the two other viruses (EACMV and EACMV-UG) which were found in the analyzed samples was revealed in six of the seven cassava samples (Figs 3 and 4) . Based on the amplification profile generated through the use of the different primer pairs, it became evident that mixed infections occurred in all the seven cassava plants sampled on the basis of CMD severe symptoms. For the sample number four, dual infection involving ACMV and EACMV was revealed while for the sample number six, a dual infection with ACMV and EA-CMV-UG was observed. All the remaining five samples were tested positive for mixed infections involving ACMV + EACMV + EACMV-UG. To the best of our knowledge, it is the first time that mixed infections involving three different CMD viruses are detected in cassava. Given that presence of severe CMD symptoms constituted a basic criterion for the selection of cassava plants to be sampled for this analysis and that mixed infections were found in all the seven plants, the revealed mixed infections could be considered as being responsible in the development of severe symptoms. In addition, the presence of three different begomoviruses in the restricted region of Bujumbura highlights the potential important level of diversity within CMD causal agents in the country. 
Discussion
In the present study, molecular analyses were carried out to detect a series of seven different begomoviruses causing CMD. The viruses EACMCV, EACMMV, EACMZV and SACMV were not detected in the samples collected from Burundi while the three other viruses (ACMV, EACMV and EACMV-UG) were detected within the same samples. For each of the three detected viruses, the amplified DNA fragment was of the same size as that obtained with the corresponding positive control.
Prevalence of diversity in CMD begomoviruses in BurundiÕs cassava fields had been reported from a study conducted in 2003 (Bigirimana et al., 2004) . This previous survey revealed the occurrence of mixed infections with ACMV + EACMV-UG in a low proportion of the studied sites. However, the presence of the EACMV-UG was not revealed in the region of Bujumbura during this investigation.
Results generated through the present study revealed infections with EACMV-UG in six of the seven analysed samples, confirming thus the rapid spread of the Uganda variant which is now present in the region of Bujumbura. It is important to remind that the sampling operation had been performed only on plants showing severe symptoms of CMD. Achievement of molecular detection using primer pairs specific to different CMD begomoviruses showed that all the sampled cassava plants contained mixed infections. This observation is in agreement with the previously established knowledge considering that mixed infections with CMD begomoviruses result in more severe symptoms (Fondong et al., 2000; Colvin et al., 2004; Ariyo et al., 2005; Ogbe et al., 2006) . All these previous works reported occurrence of severe symptoms of CMD associated to mixed infections involving co-infection with two different begomoviruses. Dual infections involving ACMV and EACMV-UG were shown to be prevalent in areas affected by the severe CMD pandemic which began in Uganda and rapidly spread to other countries in the region (Thresh and Cooter, 2005) . Plants showing severe CMD symptoms in the pandemic area were infected by both ACMV and EACMV-UG whereas plants with moderate symptoms were infected by either ACMV or EACMV-UG alone (Colvin et al., 2004) . On this basis, it becomes evident that although the Uganda variant (EACMV-UG) is commonly considered to be the main cause of the severe CMD pandemic spreading in Eastern and central Africa, its presence in mixed infections with ACMV is a more determinant condition for development of severe CMD symptoms.
The present work revealed for the first time occurrence of co-infections with three different begomoviruses (ACMV + EACMV + EACMV-UG) in cassava plants showing severe CMD symptoms. Triple infections were the most represented in the sampled plant materials while dual infections (ACMV + EACMV and ACMV + EACMV-UG) were present in each case of the seven analyzed materials. Occurrence of mixed infections containing three begomoviruses in plants was already described for species like tomato in Nicaragua (Ala-Poikela et al., 2005) . Multiple infections with begomoviruses within a same plant can drive to important evolution of the virus species and strains. In fact, the recombination phenomenon is considered common between begomoviruses (Ribeiro et al., 2003) and can lead to emergence of more virulent or better-adapted viruses in specific host plants. In the case of cassava, occurrence of different CMD begomoviruses within the same producing area constitutes a great potential risk to assist the development of mixed infections as the viruses can be transmitted between plants by the whitefly vectors.
The present work revealed diversity among the CMD agents prevailing in the region of Bujumbura. These findings are correlated with the previous observations which had revealed the existence of several CMD agents in the country (Bigirimana et al., 2004) . Presence of mixed infections containing in six of the seven analysed samples, three different begomoviruses could lead to increase the existing diversity through the recombination phenomenon. This aspect of the cassava-CMD pathosystem has to be taken into consideration for a successful implementation of plant genetic resistance to control CMD.
